Sustainable development has been highlighted widely in productive sectors such as the sugar industry with new paradigms and trends such restructuring of sugar mills in biorefineries and development of green chemical from byproducts, considering issues such as technology adoption towards sustainability, circular economy, climate change, value chain, sustainability assessment and decision making. Production of cane sugar is one of Mexico's main agro-industries; it conveys numerous positive socio-economic impacts and presents opportunities for productive diversification and enhanced profitability and competiveness. The sugar industry faces sustainability challenges due to the management of natural resources like soil, water, fossil fuels and agrochemicals, as well as the impacts of its greenhouse gas emissions and socio-economic constraints. However, sustainability of cane and sugar production cannot be assessed due to a lack of methodological frameworks for integrating economic and environmental indicators. We propose an index for Mexico's sugar agro-industry that facilitates the identification of those system components that impact sustainability. This index is based on a reduced number of indicators aggregated through a multi-criteria evaluation using the analytical hierarchy process (AHP). We apply this index to evaluate four sugar production systems in Mexico: producers of raw, refined, muscovado sugar and ethanol. Results show that systems with a high agro-industrial yield present better sustainability performance. This study is relevant because it provides quantitative information for decision makers towards a sustainable sugarcane agro-industry, based on the indicators used to build the sustainability index, to address actions as increase productive diversification by-products based, improve access to credit, irrigation, management practices and raw material quality reducing production costs, eliminate fossil fuel use in factories, make fertilizer application more efficient and reduce the area that is burned for manual harvest.
Introduction
Human-induced environmental degradation is a growing challenge for modern societies. Global warming, ocean acidification, disruptions of the nitrogen cycle and biodiversity loss are just some examples of the current global environmental challenges (ROCKSTRÖM . In order to mitigate these negative impacts of human activities and achieve sustainability, it is necessary to modify the way in which economic and productive activities are developed, including agro-industrial systems (RAMANKUTTY ET AL., 2018; DE OLIVEIRA NETO ET AL., 2018; SILVA ET AL., 2018).
The area of sugarcane (Saccharum spp.) cultivation totalled 27 million hectares in the world (HEINRICHS . With a production of nearly 6 mln t of sugar. Mexico is the seventh largest sugar producer worldwide since it has suitable conditions for the growth of sugarcane and presents opportunities for the development of biorefineries (BRAMBILA-PAZ EGGLESTON & LIMA, 2015 ; MARTÍNEZ-GUIDO ET AL., 2015; BARRERA ET AL., 2016; SARKER ET AL., 2017; TALUKDAR ET AL., 2017) ( Fig. 1) . The sugar agro-industry represents 0.5% of Mexico's gross domestic product and provides significant full-time and temporary employment for more than 2.2 million people in 227 municipalities (9.2% of all municipalities in Mexico) with differentiated agro-ecological aptitude of cane cultivation and productivity (SENTÍES-HERRERA ET AL., 2014, 2017) (Fig. 2 and 3 ).
In the 2014/2015 season, the production was concentrated in 15 states and six different regions (Pacific, South east, Gulf of Mexico, Central Mexico, North east and North west) with 57 sugar mills and a harvested area of just over 783,515 ha with 53,602,636 t of raw material with a sugarcane yield of 68.409 tha -1 , with 7.639 t sucrose per hectare and a factory yield of 11.166%. However, the Mexican sucrose production in 2017/2018 was carried out in 51 operational sugar mills (CONADESUCA, 2018) .
In Mexico, up to 400 million litres of ethanol can potentially be produced from molasses as an alternative for product diversification and climate change mitigation (GARCÍA . Evaluations have found opportunities for energy cogeneration that would allow sugar mills to sell electricity (RINCÓN . By producing ethanol to replace fossil fuels and generating electricity, and a lot of bioproducts, the sugar agro-industry can help reduce greenhouse gas emissions and have a positive impact on the environment (GRIGOLETTO-DUARTE ET AL., 2013; RENOUF ET AL., 2013; GARCÍA ; HEINRICHS ET AL., 2017). Its high potential for job creation, economic development and sustainability should also be considered as productive options (DÍAS DE MORALES . The promotion and modernization of irrigation, the renovation of plantations, new varieties and the more efficient use of inputs as agrochemicals, manures, byproducts (filter mud, trash, bagasse and vinasse) fuels and management practices should be fostered in sugar cane growing areas (SANTILLÁN-FERNÁNDEZ ET AL., 2014) for economic competiveness (Fig. 4) . Sugar production, as a bio-based industry, is a complex system operating in a highly competitive environment and with opportunities to reduce its environmental impacts (HEINRICHS . This means that managers have to make informed decisions, to be proactive and explore every opportunity and use multidisciplinary tools to improve production, reduce costs and enhance its sustainability (SHUKLA ET AL., 2017; LANG ET AL., 2017; CARDOSO ET AL., 2018).
Sugar industry sustainability
Sustainability can be understood as a characteristic of dynamic systems that allows them to maintain themselves through time with no discernible end point (BÜYÜKÖZKAN & KARABULUT, 2018; LORIS, 2018) . The sugar agro-industry faces many sustainability challenges due to its negative environmental impacts, such as land use change, soil degradation, high water consumption (INGARAMO ET AL., 2009), atmospheric pollution due to bagasse and trash burning (FINGUERUT, 2010; SCHAFFEL & LA ROVERE, 2010 ; MUGICA-ALVAREZ ET AL., 2015), biodiversity loss from monocultures (GRIGOLETTO-DUARTE ET AL., 2013) amongst others. There are also important socio-economic risks that have been associated to sugarcane cultivation: There have been reports of increased inequity in the rural sector, as well as low salaries and even exploitation of labourers (GRIGOLETTO-DUARTE ET AL., 2013; LEAL NUFFIELD, 2011) .
For the sugar industry, sustainability evaluations have been made mainly for sugarcane bio-refineries with integrated sugar, ethanol and production of byproducts (CONTRERAS ET AL., 2009; CHAUHAN ET AL., 2011; SILALERTRUKSA TOMEI, 2015) in the context of developing countries. Two particular research reports focus on showing the sustainability of sugar cane ethanol and sugar production in Brazil at a regional level using data from greenhouse gas (GHG) mitigation, energy balance, land use change, emission of pollutants, water use, socio-economic aspects such as job creation and economic profitability. GOLDEMBERG (2008) carried out a literature review to highlight the advantages of ethanol production from sugar cane, finding no negative effects in any of the environmental or socio-economic aspects analysed, and concluding that ethanol production in Brazil is sustainable. Likewise, WALTER ET AL. (2011) evaluated this agroindustry focusing particularly on land use change impacts, LINNENLUECKE in relation to climate change for the sugar cane industry and AMAYA (2010) concluded that the sustainability aspects that can be emphasized in sugar cane processing are: 1) productivity (producing more with the same equipment), 2) efficiency (producing more with the same raw material, reducing losses and emissions), 3) energy (producing more with the same energy), 4) water (producing more with the same water), 5) chemicals (producing more with the same chemicals).
Separately, PEREIRA & ORTEGA (2010) evaluated the sustainability of ethanol production in Brazil considering GHG emissions, energy balance and the demand for land, water and certain materials. This study did not consider socio-economic aspects, so it cannot be considered as a sustainability evaluation within our framework. Additionally, their method does not contain an indicator integration that allows for different production alternatives to be classified.
Other types of studies can be found that are not proper sustainability evaluations but they do evaluate environmental, economic and social aspects (BÜYÜKÖZKAN & KARABULUT, 2018; GULISANO ET AL., 2018) . One of these studies by CHÁVEZ-RODRÍGUEZ & NEBRA (2010) (2015) and SCHMITZ & LEWIS (2015) , however, they lack specific methodologies to identify actions to improve the sustainability of the whole system.
Here we propose a sustainability index for the cane sugar agro-industry based on the conceptual frameworks mentioned above and using a number of criteria and reduced indicators that allow us to identify the system components that contribute the most towards the sustainability of this agroindustry. This paper is relevant because it provides quantitative information and a method that can be used to develop the sugar agro-industry more sustainably. This index is applied to four case studies in Mexico.
Materials and methods
The methodology employed in this study is based on theoretical frameworks for sustainability evaluation reported by NARDO ET AL. (2017) . It is divided into three stages: 1) defining the group of criteria and sustainability indicators that will be evaluated by considering environmental, economic and social dimensions; 2) evaluating the indicators with a specific methodology; 3) integrating the indicators.
Sustainability indicators are developed as a simplified tool of communication, which helps to make political decisions for seeking sustainability. In order to achieve this goal, it is necessary to set a limited number of easy understandable indicators (CIEGIS BÜYÜKÖZKAN & KARABULUT, 2018) .
Indicators and sustainability indices were calculated for four agro-industrial production systems: Central Motzorongo and La Gloria in the state of Veracruz; Tamazula in Jalisco, and Emiliano Zapata in Morelos. These case studies were chosen according to data availability criteria, size of the sugar mills and how different production conditions are represented (GARCÍA ET AL., 2016) ( Table 1 ). Note that these mills might not be a significantly representative sample of all mills in Mexico, since significant differences exist in levels of productivity, technology in cane production, in industrialized area, socio-economic conditions of growers and in net cane crushed.
Defining a group of indicators for the Mexican sugar industry and their specific methodologies
The sustainability criteria employed to construct an index for the Mexican sugar industry correspond to the different dimensions of sustainability: Environmental (E), socio-economic (SE) and technological (T). The last one is extremely important for industries. This study follows the methodology proposed by AZAPAGIC & PERDAN (2000) (2017) and GANI & HANTORO (2018) . Rather than presenting a high number of indicators for the established criteria, a restricted number of structured criteria are selected so that relationships between impacts and outputs are clarified.
Fossil Fuel Consumption Indicator
One of the main current problems of productive processes is how much they depend on fossil fuels (ROCKSTRÖM ET AL., 2009). Fossil fuel use is proposed as an indicator that quantifies, within the production life cycle, how much fossil fuel (MJ) is used to produce 1 kg of sugar. This indicator has already been used in other sugar agro-industry studies (NGUYEN ET AL., 2008).
The specific methodology for calculating this indicator consists of quantifying all forms of fossil energy that are used during agricultural production, transport of sugar cane to the mill and industrial production. During agricultural production it is important to consider the energy required to produce agrochemicals (fertilizers and pesticides), energy for irrigation and energy used by agricultural machinery. During industrial production, energy used to generate vapour (which is used in sugar production) and fossil energy from electricity use and generation are considered. For the transport stage we consider fuel used for transport vehicles. All data for inputs of each agro-industrial system under study were obtained from field interviews and from the National "Cañeros" Union (UNC for its acronym in Spanish; UNC, 2015) 
Carbon Footprint Indicator
Evaluating GHG emissions, or the carbon footprint (CF) of this industry, is the second indicator to be considered. This corresponds to the environmental criterion of sustainability and its units are kg CO2 equivalent kg sugar -1 (CHAUHAN ET AL., 2011). The CFs of the systems under study were obtained from GARCÍA ET AL (2016) . System borders and production stages are the same as those considered for the Fossil Fuel Use indicator. Methodology details and all data for the case studies can be found in GARCÍA ET AL. (2016) .
Water Use Indicator
The water required for producing 1 kg of sugar cane varied from 89 to 118 kg. This measures the amount of cubic meters of water required to produce 1 kg of sugar, and includes water used for irrigation and cane processing (SANTILLÁN-FERNÁNDEZ ET AL., 2014). The water use indicator was calculated according to the Hydric Footprint (HF) methodology created by HOEKSTRA & CHAMPAGAIN (2008) . The HF includes green, blue and grey waters. Green water is rainwater that evaporates and is transpired (evapotranspiration) during plant growth in crops used for production of ethanol and other biofuels. Blue water is superficial (lakes and rivers) and subterranean water used for crop irrigation and factory processing. Grey water is necessary to dilute pollutants from industrial processes to environmentally safe levels. We decided to consider total water use as the sum of green and blue water used in the process, in accordance with FINGERMAN ET AL. (2010) and MEKONNEN & HOEKSTRA (2011) .
To estimate the volume of green water, evapotranspiration was calculated using the CROPWAT software developed by the FAO (FAO, 2014a) and yearly average precipitation was obtained from FAO meteorological stations reported in CLIMWAT (FAO, 2014b) . Water use during the industrial stages considered was 59 m 3 /ton of sugar cane.
Agro-industrial Yield
The Agro-industrial Yield indicator is defined as kg of sucrose per hectare. It is calculated by multiplying raw material production (tonnes of sugar cane per hectare) by factory productivity (kg of sugar per ton of sugar cane). Data were obtained from the UNC (2015).
Human Development Index (HDI)
The sugar agro-industry represents important social benefits such as job creation and local development. However, reliable data for direct and indirect job generation are difficult to obtain. Hence the Human Development Index (HDI) was included as a social dimension that measures development conditions such as income, gender gaps, public infrastructure, education, location and other factors (NEUMAYER, 2001; CILINGIRTÜRK & KOÇAK, 2018) . This indicator is calculated at a local scale, and data were obtained from the UNDP (2014) for each municipality where the sugar mills under study are located.
Production cost
The economic cost per raw material unit indicator is expressed in Mexican pesos and USD per ton of sugar cane ($ ton -1 ). Data for the study systems was obtained from UNC (2015) and CONADESUCA (2015) for the 2014/2015 harvest season.
Product Diversification
An integrated production of sugar with cogeneration, ethanol and byproducts as Potential Production Processes (NGUYEN ET AL., 2015) could offer a viable solution to a sustainable sugar cane industry (MONCADA ET AL., 2013). Since 1970, sugar cane producing countries, have adopted product diversification and reconversion policies and include introducing other crops in sugar cane lands, elaborating non-traditional products from sugar cane such as panela and rum, high quality molasses and fodder in sugar mills, and higher use of by-products such as bagasse, molasses, filter mud, vinasses, trash and harvest residues. Product diversification in the sugar agro-industry is a highly complex project that has been evaluated as a competitive techno-economic alternative in several sugar economies to increase incomes and counter volatile global sugar prices. Production costs and environmental impacts are diminished when residues and sub-products are converted into raw materials for new productive cycles such as cogeneration of ethanol. A product diversification index is suggested as one of the main indicators (Table 2) . Using data available at the conceptual design stage, the framework of sustainability index can be applied to assess the sustainable development of the sugar industry as sustainable, potentially sustainable, weak sustainability and potentially unsustainable.
Constructing the index
Indicators, or indices, can be designed using the analytical hierarchy process (AHP) proposed by SAATY (1990 SAATY ( , 2008 SAATY ( , 2013 because it integrates criteria and objectives incorporating subjective judgment and information in a single indicator. Each criterion is weighted, based on its importance; the sum of the weights is normalized to unity. For each criterion, the alternative solutions are assigned scores based on quantitative or qualitative considerations. The decision outcome is then determined by the weight placed on each criterion and the numerical scores assigned to each alternative (SCHAIDLE ET AL., 2011). The AHP consists of three fundamental stages: 1) Structuring a complex problem as a hierarchy of objectives, criteria and alternatives; 2) Comparing elements in each hierarchical level by pairs to each element of the previous level; 3) Vertical synthesis of judgements about the different hierarchy levels (YAKOVLEVA ET AL., 2012; COBULOGLU & BÜYÜKTAHTAKIN, 2015; VEISI ET AL., 2016). The AHP is particularly effective for those cases when there are multiple options and when the criteria have different units and scales (NIKODINOSKA ET AL., 2015). The multi-criteria decision method is employed to determine weights of criteria and related sub-criteria (SUBRAMANIAN & RAMANATHAN, 2012) . It is necessary to determine the relative importance of each factor and criteria considering that they are part of a hierarchy in a real decision-making situation and answering a complex question (SCHAIDLE ET AL., 2011). This comparison by pairs then leads to constructing the Saaty matrices (A=akl), through which the corresponding priority vectors are estimated (w1…wk…wn). Saaty developed a scale from one to nine to perform these comparisons and determine the relative weight of each pair of factors, where 1 shows that both attributes have similar importance and 9 shows that the first attribute is absolutely more important than the second one (ISHIZAKA & LABIB, 2009 (Fig. 5) . where aijk represents the value obtained from comparing attribute i and attribute j for individual k.
This square matrix combines two fundamental properties: the main diagonal is composed of ones (aijk=1 for all i), and reciprocity is verified by comparing each pair (if aijk=x, then ajik=1/x).
Values attributed to all pair comparisons represent how they are weigthed: aijk=wik/wjk for all values of i and j. The Saaty matrix can therefore also be expressed as: When all total priorities for all alternatives have been obtained, the AHP allows the error or inconsistency of the paired matrix to be evaluated. If the value is less than 10% it is considered acceptable and robust (SAATY, 1990 (SAATY, , 2008 SUBRAMANIAN & RAMANATHAN, 2012) . A schematic diagram of the sustainability index for the sugar industry is shown in Fig. 6 . 
Results and discussion

Sustainability Indicators
A group of variables and factors were selected to construct a sustainability index for the sugar agro-industry (Table 3) . These indicators were chosen because they clearly show the regional and sectorial importance of the sugar agro-industry as a productive activity. The list of indicators provided above was used for the AHP analysis.
Integration of indicators and multi-criteria evaluation were followed by the solution to the Saaty matrix (Table 3) , factor normalization, weighing and combining relative importance and generating the evaluation tool for each sugar mill Procedures and algorithms available in the Expert Choice® software were used to calculate the weight of each factor according to the Saaty scale (ISHIZAKA & LABIB, 2009) (Table 4 and 5) and Sustainability evaluation tool integrating factor that determines sustainability (Table 6 ). 
Indicator results
There are important differences in the kind of factors that determine sustainability for sugar mills and the sugar cane supply zone (Table 7) . For economic sustainability, the factors that integrate it have an overall weight of 0.762, because the sugar industry is an agro-industrial system, therefore, has worked with the use of various inputs, fossil fuels and technologies, the agro-industrial yield is the most important factor because the Mexican sugar industry has been structured since 1900 for the production of this unique product (sugar), therefore, productive diversification based on productive industrialization of byproducts, as an option to reduce the risk of international sugar markets, and the reduction of the production cost of raw materials, will contribute significantly to the socio-economic sustainability. The factors that integrate environmental sustainability have a low value (0.137) which is the result of indicators from the processing of raw materials, production inputs, and obtaining sugar and ethanol in sugar mills, because this agroindustry has an energy ratio input/output between 8.3 to 10.1 (ALCKMIN-GOVERNOR & GOLDEMBERG-SECRETARY, 2004; KLIMIUK & PAWŁOWSKI, 2016 ; RATHORE ET AL., 2016), however, in the short term, the sugar industry should eliminate practices like harvesting with burning, optimize the use of agrochemicals and fuels, integrate pest and disease control, irrigation and management of rain water, organic fertilizers, agricultural practices, introduce new varieties to do more with less inputs and minimize the generation of greenhouse gases to transit to environmental sustainability In social sustainability, the value of 0.102 is explained by the fact that the sugar mills have been established for more than 50 years in areas of sugar cane supply, and they had created a collective culture in the inhabitants and producers that only sugar cane and sugar mill are sustainability factors. The Mexican government through public policy has failed to develop an infrastructure for sustainability at regions, municipalities and sugar cane areas.
The Agro-industrial Yield indicator (t. sucrose ha -1 ) presents better performance in Tamazula and Emiliano Zapata systems, while La Gloria and Motzorongo show much lower productivity. This is basically due to differences in agricultural yield, which averages 106 tons of cane per hectare in the first two cases and 89 and 64 t of cane ha -1 respectively in La Gloria and Motzorongo mills over the last 10 years (UNC, 2015) .
Regarding the productive diversification indicator obtained from AGUILAR (2014) , it is clear that Motzorongo and La Gloria mills achieved a higher score. This is explained by the advantages they present with regards to the number of goods they produce (raw and muscovado, manures from filter mud and trash hydrolysed bagasse from Motzorongo and refined sugar and ethanol in La Gloria). The cane Production Cost indicator is lower for Emiliano Zapata and Tamazula mills. In general, the main production cost components correspond to the harvesting stage and fertilizer purchase and application.
The human development index (HDI) groups health, education and income indicators, and presents higher values for La Gloria and Motzorongo mills. However, it is difficult to ascertain whether this value is due to the agro-industrial activities themselves or whether it derives from other productive activities. Likewise, it is not possible to conclude that this difference is due to the more intensive use of manual labour, mainly for harvesting activities. For the social dimension it will be necessary to generate and systemize any information about jobs created specifically by this agro-industry.
The Water Use indicator is higher for the Tamazula and Emiliano Zapata mills, the systems with higher agricultural yields. It is important to note that values indicated in Table 3 correspond to the use of blue water only, which is mainly used for irrigation. Fig. 7 shows total consumption considering blue and green water (rain). Total consumption is higher for Motzorongo mill, mainly because of its low agricultural yield. Lower consumption of blue waters means that this mill is not competing strongly with other uses of water such as human consumption or irrigation of other crops.
The Fossil Fuel Indicator showed that La Gloria and Emiliano Zapata mills have lower energy consumption levels. In all cases, the agricultural stage presents the highest consumption of fossil fuels of all production stages (Fig. 8) , followed by the industrial stage, and then the transport stage. Fossil energy is mainly used during diesel consumption for agricultural labour, transporting sugar cane to the factory, production of fertilizers (mainly nitrogenous fertilizers), and cogeneration in mills. Energy use for irrigation is important in La Gloria and Tamazula, and not so relevant in the other mills because Motzorongo has a smaller irrigation area and Emiliano Zapata uses gravity fed irrigation. La Gloria mill presents the lowest consumption of fossil energy because their latest ten-year average shows no fossil fuel use during their industrial stage. This suggests that this mill has taken steps to increase their process efficiency so that their heat requirements are totally fulfilled by the use of bagasse. During the last few years, this tendency has been observed in most sugar mills in Mexico. The Carbon Footprint Indicator was obtained directly from the research of GARCÍA ET AL., (2016) in the Mexican sugar industry. La Gloria and Emiliano Zapata mills have the lowest GHG emissions per kilogram of sugar produced. Just as was described for the Fossil Fuel Use indicator, the agricultural stage presents higher GHG emissions compared to the transport and industrial stages (59 to 74% of total emissions). In general, the main emission components are fertilizer production and application, use of diesel fuel for agricultural labour, emissions from sugar cane burning for harvest, and consumption of fuel in the factory. GARCÍA ET AL., (2016) developed a sensitivity analysis for system parameters, showing that agro-industrial yield has the biggest influence in CF values. Actions aimed at increasing agro-industrial yield (mainly field yield), increasing fertilizer use, diminishing the burned area for manual harvest and eliminating use of fuels in the factory are important for reducing the CF of the sugar agroindustry.
Sustainability Index
Agro industrial Yield, Diversification Index and Raw Material Production Cost represent 62.35% of total sustainability for all sugar mills included in this study. Tables 8 and 9 and Fig. 9 shows that Emiliano Zapata, La Gloria and Tamazula mills have medium to high sustainability values and Motzorongo's is low. The proposed methodology shows great potential as a valuable complement to classic economic approaches (BROWN MUNDA, 2016) by quantifying the relative sustainability performance with socio-economic and environmental data from the sugar industry. This approach can be used across the sugar industry in different performance, geographical and temporal boundaries and production technologies to generate a specific sustainability indicator with regards to goals and objectives embedded in the idea of sustainable development.
Emiliano Zapata and La Gloria presented the largest global sustainability index for the mills analyzed here. Of the three components, economic, social and environmental, Tamazula has the highest economic sustainability, Central Motzorongo the highest environmental sustainability and Emiliano Zapata the highest social sustainability. However, Tamazula needs specific actions to improve their environmental and social performance; Central Motzorongo needs actions to increase the profitability of the sugar business and La Gloria needs actions to increase the three aspects of sustainability
The quest for sugar industry sustainability reflects a crucial paradigm shift for the 21st century: 1) new and innovative ways of revitalizing and diversifying the local sugar industry through value-added products, 2) the transition from environmental management to systems design coming up with solutions that integrate environmental, social, and economic factors to radically reduce the use of chemical and fossil inputs, 3) increasing health, equity, and quality of life for all stakeholders according to the 17 Goals and 169 targets of The 2030 Agenda for Sustainable Development (SDGs).
It is essential, as strategic actions for this group of sugar mills, to apply precision agriculture techniques to sugar cane production with the use of basic meteorological data such as precipitation, temperature and evapotranspiration to obtain the potential of soil humidity, along with remote sensing techniques through the Normalized Difference Vegetation Index (NDVI) and GIS to increase the irrigated area with low carbon technologies such as solar energy to obtain a profitable cane yield mainly in Motzorongo with low sustainability. It is necessary to introduce new sugar cane cultivars with easy adaptability to meteorological and edaphic conditions, to eliminate the practice of sugar cane burning during the harvest period because is extend at least in the 90% crop acreage in four sugar mills analyzed and generate pollutants as monoxide carbon (CO), nitrogen monoxide (NO), sulfur dioxide (SO2) and particulate matter (PM) among others, the soil nutrients are released and this affects the soil health and the good development of the cultivation in the next crop period. (MUGICA-ÁLVAREZ Likewise, the production of organic manures from filter mud, trash, bagasse, ashes and vinasses will be an important nutritional source for the soil. Besides, for Tamazula, La Gloria and Emiliano Zapata mills, with sustainable cane sugar yield (> 90 t ha -1 ), can join the energetic matrix thought the cogeneration and ethanol production maximizing the use of energy contained in sugarcane with bagasse and trash (leaves and tops) as fuel according the international experiences (BECHARA ET AL., 2018).
Conclusions
We propose a systematic framework sustainability index for benchmarking the sugar agro-industry in Mexico. This index is based on a limited group of indicators that were aggregated through a multi-criteria evaluation using the analytical hierarchy process (AHP). The index was used to evaluate four sugar production systems in Mexico. Results show that systems with greater agro-industrial efficiency and a higher diversification index have better sustainability performance. Many actions can be taken to improve sustainability, and the main ones are to increase product diversification, improve access to credit and irrigation and improve raw material quality. It is also important to reduce production costs, increase irrigation efficiency, eliminate fossil fuel use in factories, make fertilizer application more efficient and reduce the area that is burned for manual harvest. This study is relevant because it provides quantitative information to develop the sugar agro-industry more sustainably. Future work must focus on developing more and better indicators, particularly for the social dimension, as well as building new models for indicator integration and weighting.
